In this study we explored the rheological characteristics of Carbopol C934 gel ͑polyacrylic acid͒ containing SUS304 spherical nanoparticles of 100 nm as a simulant of gel propellants containing metal fuels. In comparison with the pure Carbopol gel, the SUS nanoparticle filled Carbopol gel exhibited stronger shear thinning and higher yield stress. As the concentration of nanoparticles increased yield stress increased, but viscosity and storage modulus increased first and then decreased abruptly beyond the critical limit. Also as the concentration of nanoparticles increased there was a transition in material characteristics from the ductile type to the brittle type, which means that highly filled Carbopol gels lost the structure almost instantaneously as the imposed stress was larger than the yield stress, while Carbopol gels of low particle loading sustained the structure even after the imposed stress was larger than the yield stress. The cryogenic scanning electron microscopy analysis revealed that the network structure changed abruptly when the rheological properties changed abruptly. The change in gel structure is attributed to the nanoparticles that compete with Carbopol chains in forming networks. The abrupt change in gel structure with the addition of particles beyond the critical limit should be an exclusive phenomenon of nanoparticles.
I. INTRODUCTION
Gel-type rocket propellants are basically rheologically complex fluids which contain fuel ͑hydrocarbon or hydrazine derivatives͒, gelling agent, and-in some cases-metal particles. The composition of a typical gel propellant is hydrazine gelled by hydroxyethyl cellulose ͑HEC͒ or monomethyl hydrazine gelled by hydroxypropyl cellulose ͑HPC͒. The amount of gelling agent is usually 2-4%. The propellant is atomized into micrometersized droplets by passing through a nozzle before it is burned. They usually have yield stresses, shear thinning, and/or time-dependent viscosities, and these properties vary with the kind and the amount of gelling agent ͓Natan and Rahimi ͑2000͔͒. Much research is being carried out on the rheological properties and their performances as the propellant in relation to their rheological properties. Also there have been many efforts to improve the safety by leak protection using gel properties as well as the performance of liquid propellants ͑fuels͒ by adding metal particles. The addition of nanosized aluminum particles to a kerosene gel propellant in air breathing system showed a reduction in the ignition delay time of the gel propellant ͓Tepper and Kaledin ͑2001͔͒. The use of nanosized aluminum powder in gel propellants increased the efficiency of combustion as well as the performance through complete combustion. For example, the RP-1 gel propellant with 5 wt % of nanosized aluminum particles showed the best combustion efficiency ͓Mordosky et al. ͑2001͔͒. However, it has been found that the addition of metal particles to improve the performance of gel-type propellants causes problems such as non-homogeneity, sedimentation, and poor atomization. All of these characteristics are closely related to the rheological properties of gel propellants ͓Natan and Rahimi ͑2000͔͒. Until now, most of the studies on gel propellants have been performed for the characterization ͓Rahimi and Natan ͑2000͒; Rahimi et al. ͑2001, 2007͒; Teipel and Förter-Barth ͑2005͔͒ of the simple gel propellants and simulants or atomization phenomena ͓Chojnacki and Feikema ͑1994, 1995 Green et al. ͑1991͒; Kampen et al. ͑2006͒ ; Rahimi and Natan ͑1998͔͒ of gel propellants and/or simulants without particles. Also, studies on the characteristics of gel propellants containing particles have been limited to the cases of micrometer-sized particles ͓Rapp and Zurawski ͑1988͒; Jayaprakash and Chakravarthy ͑2003͒; Kampen et al. ͑2007͔͒ . Therefore this study aims at finding out the effect of nanoparticles on gel materials by characterizing the rheological properties of gel materials containing nanoparticles.
To make the gel propellants either a polymeric or an inorganic material such as fumed silica gelling agents can be used. They commonly make the gel structure through physical networks. As a result, the liquid becomes thickened and has a yield stress. Teipel and Förter-Barth ͑2005͒ studied the rheological properties of gelled fuel using the nanosize fumed silica as the gelling agent, and Rahimi et al. ͑2007͒ studied the shear rheology on many gel propellants ͑both fuel and oxidizer͒ and simulants using various gellants such as HPC, HEC, silica, and Carbopol, among others. Because of convenience and economical efficiency in manufacturing as well as the safety ͑toxicity and/or corrosiveness͒ in handling, simulants have been used in the rheological research on gel propellants. Especially, Rahimi et al. ͑2001͒ reported that the rheological properties of simulants matched with those of the hydrazine gel propellant well.
In the present study, we have chosen aqueous gels of Carbopol C934 as the simulant of gel propellant considering that hydrazine is a toxic material and have investigated the effect of adding metal particles to the gel on the rheological properties. Carbopol C934 is a high molecular weight non-linear polymer of acrylic acid, cross-linked with polyalkenyl polyether ͑for more details, see the manufacturer's technical data sheets on its website: http://www.personalcare.noveon.com/techdata/carbopol934.asp͒. This polymer is strongly coiled in the dry state. When dispersed in water, polymer chains are hydrated and tightly knotted via hydrogen bonding, and the pH of the solution becomes 2.5-3.5 depending on polymer concentration. In order to obtain the maximum thickening effects, the solution should be neutralized by alkali materials such as sodium hydroxide ͑NaOH͒ or triethanolamine ͑TEA͒. The repulsive force between two adjacent negatively charged groups along a polymer chain renders the coiled chain uncoiled. As a result the polymer swells and the uniform gel structure is obtained. The maximum thickening is generally obtained when the pH is 6-10, even though Carbopol grades are different.
In the present study we define the gel as a material which has a network structure that can be broken by stresses. Then the gel will have elasticity and a yield stress as well as a finite viscosity under a shear stress larger than the yield stress. Some of the classical but important issues in the rheological properties of gel materials are the magnitude of yield stress, shear thinning, and the existence of thixotropy. To be an excellent gel propellant containing metal particles, it is required that the yield stress is high enough to prevent the sedimentation of particles and the degree of shear thinning is strong enough for the smooth feeding and atomization of the propellant. Thixotropy is helpful for decreasing the feeding pressure and atomization by "liquefying" the propellant temporarily in the feeding process. In order to prevent the sedimentation of particles and ensure the dispersion stability, the minimum yield stress that the substrate must have depends on particle diameter and the density difference between the particle and the substrate. Atapattu et al. ͑1995͒ and Laxton and Berg ͑2005͒ found the relationship experimentally between the acceleration and the yield stress, which is required to prevent particles from sedimentation from the critical yield parameter Y c = 0 / d͑⌬͒G = 0.06, where d is the particle diameter, ⌬ is the density difference between particle and substrate, and G is the acceleration, which is g under the gravitational field. If this relation is applied, under the condition of d = 100 nm, ⌬ = 6.93ϫ 10 3 kg/ m 3 ͑SUS304 stainless particles͒, and G = 200g, the critical yield stress to prevent particle sedimentation is lower than 0.1 Pa. In this study, we controlled the yield stress of aqueous gel by varying Carbopol concentration and measured the rheological properties of pure gels as well as gels containing nanoparticles with differing volume fractions. Through the rheological analyses of the steady shear flow, the creep-and-recovery, and the oscillatory flow of gel materials, we have been able to understand the effect of nanoparticles on the network structure of Carbopol gel and derive the correlation between rheological properties and nanoparticle content in the aqueous Carbopol gel. The cryogenic scanning electron microscopy ͑cryo-SEM͒ studies also confirmed the gel structure predicted by the rheological studies.
II. EXPERIMENT

A. Materials and sample preparation
Carbopol gels with different concentrations were prepared by diluting the master solution. The master solution was prepared by dissolving 1 wt % of Carbopol C934 ͑pro-vided by Noveon, USA͒ powders in de-ionized water and by stirring with a magnetic stirrer over 2 days. Gel samples used for the present study were obtained by diluting the master solution and stirring with a three-impeller mechanical stirrer of 30 mm at approximately 750-800 rpm. TEA ͑purity of 98%, Aldrich Chem. Co.͒ was added as a neutralizer, and the pH was 8.0Ϯ 0.3 at the final gel state. As the nanoparticles, SUS304 stainless steel particles ͑provided by Nano Technology Inc., Korea͒ were used. The particles have the average diameter of 100 nm and the bulk density of 7930 kg/ m 3 . Gels containing nanoparticles were prepared by adding a desired amount of particles in the pure Carbopol gel of 100 g. The compositions of gel samples used in this work are listed in Table I .
B. Rheological measurements
The rheological properties of gel materials were measured with a stress-controlled rotational rheometer ͑AR2000, TA Instruments͒. The parallel-plate geometry ͑60 mm diameter and 0.5 mm gap͒ was used for all measurements. By using the parallel-plate geometry we were able to minimize the possibility of the inclusion of air bubbles. A solvent trap was used to prevent the water evaporation from gel samples. Steady flow measurements were performed by varying shear rate from 6 ϫ 10 −3 to 1000 s −1 . Creep-and-recovery tests were conducted using the procedure of the instant application of a constant shear stress on the sample for 2 min and then the removal of stress on the sample for another 2 min. The creep test was performed within the linear viscoelastic ͑LVE͒ region. Stress sweep measurements were carried out in the stress range from 0.1 to 100 Pa under the frequency of 1 Hz, whereas frequency sweep measurements were performed by varying angular frequency from 0.04 to 100 rad/s within the LVE region. To remove the previous shear histories of the sample, before a dynamic test, a steady preshear was applied at the shear stress of 0.2 Pa for 10 s and then followed by a 70 s equilibration period. To determine the equilibration time two sets of experiments of 60 and 600 s preshear times were performed. Confirming that two sets of experiments gave virtually the same results, we chose 70 s as the equilibration time. The temperature of all measurements was 298 K.
C. Cryogenic field emission scanning electron microscopy
To obtain a frozen sample, a gel sample mounted on a copper specimen holder ͑2.5 ϫ 3.0 mm 2 ͒ was placed in the jet freeze device ͑JFD 030, BAL-TEC, cooling rate of 40 000 K/s͒ which is full of liquid nitrogen at −180°C for 24 h. The frozen sample was transferred into preparation device ͑MED 020 GBE, BAL-TEC͒. The sample preparation process includes fracturing, etching, and coating. The frozen specimen was fractured with a cutting knife at −120°C under vacuum condition, and then etched to remove water from the sample by sublimation while rising temperature from Ϫ120 to −60°C for 20 min under 7 ϫ 10 −7 mbar. The etched sample was coated by platinum under an argon gas condition for 70 s. After the preparation, the specimen was transferred to a field emission scanning electron microscope ͑S-4700, Hitachi͒ using a high vacuum cryo-transfer system ͑VCT 100, BAL-TEC͒ and examined at 5 kV low acceleration voltage condition keeping the temperature at −140°C.
III. RESULTS AND DISCUSSION
A. Steady flow test
Before performing the steady flow test, we carried out a thixotropy test in order to determine the time needed to reach the steady state viscosity since Carbopol solutions can show thixotropy at long-time measurements. The experiments showed that the samples did not show strong thixotropy even for the highest concentration of Carbopol of all when the rising and falling times of shear rates were 4 min as shown in Fig. 1 . Therefore, preshears were not imposed before steady measurements. But we waited 3-5 min before starting steady flow tests to confirm the equilibration of shear and/or normal stress signals of AR2000 rheometer. Figure 2 shows the shear viscosity of 0.3 wt % Carbopol gel as a function of shear rate ͓Fig. 2͑a͔͒ and shear stress ͓Fig. 2͑b͔͒ with or without SUS304 nanoparticles. For the range of nanoparticle concentrations considered here the viscosities are monotonically decreasing functions of shear rate, but it is not possible to fit the viscosity data to the power law for the entire range of shear rate tested here. The Newtonian regimes are not observed at the low and high shear rates. The viscosity curves against stress show asymptotic increases with decreasing shear stress indicating the existence of yield stresses ͓Barnes ͑1999͔͒. The viscosity increases with increasing the concentration of nanoparticles until 1.86%, then it decreases slightly. There is a large drop in the viscosity of the sample containing 3.06% nanoparticles for shear rates between 1 and 10 implying a sudden structural change in the region. The stress-shear rate relation in Fig. 2 suggests that the Herschel-Bulkley ͑H-B͒ model which includes both the apparent yield stress and the power-law viscous component as shown in Eq. ͑1͒ is the most suitable in describing the flow behavior of Carbopol gel ͓Islam et al. Figure 3 shows that the H-B model also describes the experimental flow curves properly for ␥ Յ 10 s −1 when nanoparticles are dispersed. The yield stress was obtained by fitting the data to the H-B model. The parameters derived from the H-B constitutive model for the samples tested are listed in Table II . First of all, the yield stress of nanoparticle filled gel increases as the particle volume fraction increases. Also there is a sudden change in shear-thinning behavior with the addition of nanoparticles. For example, in the case of 0.3 wt % Carbopol gel, the power-law index changes from 0.61 to 0.35 when the particle loading changes from 2.46% to 3.06%. As pointed out already it appears that there is a sudden change in microstructure with the addition of nanoparticles in this range. The change in microstructure at high particle loadings means that the dispersion stability and the suppression of particle sedimentation may not be ensured for the highly loaded gels. In fact, during the sample preparation, we observed that the particle sedimentation occurred after the neutralization when the particle concentration was beyond the volume percent. Figure 4 shows the reduced yield stress and consistency ͑K͒ against the particle volume percent for the Carbopol gels with differing concentration. Here the reduced yield stress is defined as the yield stress of the nanoparticle filled gel divided by the gel yield stress without nanoparticles for a given Carbopol concentration. The reduced yield stress increases almost linearly with the particle volume percent and appears to be unrelated to Carbopol concentration. On the other hand, the consistency ͑K͒ of the H-B model increases and then decreases and has the maximum. The maximum point moves toward higher volume percent with Carbopol concentration.
When particles are added in the fluid both K and n are changed. In the case of
FIG. 2.
Log-log plot of shear viscosity as a function of ͑a͒ shear rate and ͑b͒ shear stress for Carbopol C934 ͑0.3 wt %͒ gel with different particle vol %.
suspensions in Newtonian or homogeneous polymeric liquids, n decreases with the addition of more particles, while viscosity increases. In this case the K value should increase more sharply than the viscosity due to the decrease in n. In our experiment with gels n also decreased. If the microstructure remains the same, K and viscosity will increase monotonically as in the case of suspensions in Newtonian fluids in which the particles are randomly distributed, and only the distance between particles is changed ͓Larson ͑1999͔͒. But it was observed that K increased and then decreased. This means that there should be a qualitative change in microstructure even though it remains as a gel. The change in microstructure will be discussed later in this paper. The reason why the particle concentration at the peak in K differs from the particle concentration at the change in microstructure can be explained as follows: As particle vol % increases, yield stress increases. This means that at the same stress level K␥ n is smaller due to the larger yield stress. On the other hand K tends to increase with the addition of particles. There should be a competition between two effects. The problem appears to be more compli- cated due to the change in n, too. When more particles are added the flow characteristics are changed abruptly; hence K decreases sharply even without the increase in yield stress.
B. Creep-and-recovery test
The creep-and-recovery test which measures the time-dependent deformation under a constant load phase, and then a removed load phase provides useful information about the viscoelastic behavior of materials. In the case of a material showing yield stress, the elastic properties are dominant when the applied stress is below the yield stress, but the viscous properties are dominant above the yield stress. Uhlherr et al. ͑2005͒ reported that   FIG. 4 . ͑a͒ Reduced yield stress and ͑b͒ consistency ͑K͒ as functions of SUS particle vol % for Carbopol C934 gels for different concentrations.
the strain generated by the creep is cumulative, and the rate of structure generation is slower than the rate of structure breakdown even at a very low creeping rate. Therefore, the structure of materials will be destroyed if the strain is larger than the critical value regardless of the stress level. Figure 5͑a͒ shows the creep-and-recovery curves of the pure Carbopol 0.3 wt % gel at different applied stresses. Because the apparent yield stress of pure Carbopol 0.3 wt % gel was 1.07 Pa as listed in Table II , the gel behaved like an ideal-viscous liquid without structure reformation at 1 Pa that was similar to the apparent yield stress value. At applied stresses of 0.1 and 0.5 Pa, however, the curves showed the viscoelastic behavior and FIG. 5. ͑a͒ Creep-and-recovery curves of pure Carbopol C934 ͑0.30 wt %͒ gels at differently applied stresses ͑inset: magnified creep-and-recovery curves at applied stresses of 0.1 and 0.5 Pa͒. ͑b͒ Creep-and-recovery curves of pure Carbopol gels at different concentrations ͑applied stress: 0.1 Pa͒. structure reformations also occurred in the recovery phase. The structure reformation ratios, which are defined as the ratio of the strain at the final recovery phase to the strain at the final creep phase, are 85% and 50% at applied stresses of 0.1 and 0.5 Pa, respectively. The structure reformation ratio was rightly lowered by increasing the applied stress, which is entirely consistent with the result of Uhlherr et al. ͑2005͒. The present result also confirms the apparent yield behavior observed in the steady flow test. Figure  5͑b͒ shows the creep-and-recovery curves of Carbopol gels with concentration of Carbopol. In the creep phase, the applied stress was set at 0.1 Pa based on the apparent yield stress ͑0.49 Pa͒ at the lowest Carbopol concentration ͑0.25 wt %͒. As Carbopol concentration increases, i.e., as apparent yield stress increases, deformation becomes smaller in the creep phase and structure reformation becomes larger in the recovery phase. Especially, the slope of creep curve which reflects the viscosity of the material is also found to be smaller for higher Carbopol concentration. The present experimental result shows that the Carbopol behaves as a typical gel material.
To investigate the effect of particle contents on the change in gel structure, the creepand-recovery test was performed with Carbopol 0.35 wt % gel by changing the content of SUS particles from 0 to 3.65 vol % at the applied stress of 1.0 Pa. Figure 6 shows their creep-and-recovery curves. The results of the creep strain and the recovery ratio are also summarized in Table III . The creep strain dramatically decreased when 0.63 vol % of particles are dispersed and was found to be only about 1/3 of that of pure gel without particles. The reduction of the creep strain means the increase of elastic modulus of a material, and as a result the recovery rate becomes increased by the large reformation force against the deformation. Over the range of our experiments particles strongly affect the elastic property of gel materials even when the content of particles is small. As shown in Table III , the recovery magnitude tends to increase with the increase in particle loading, even though the values are widely scattered largely due to errors from divisions of two experimental data, hence with the increase in yield stress. This means that the nanoparticle filled gels behave the same as the polymeric gels in the breakdown and recovery of gel structure. 
C. Oscillation test
Oscillation tests were performed to probe the structure of gel materials in more detail. There were two purposes of performing the amplitude sweep test: The first one is to find out the LVE region of materials and the second one is to verify the apparent yield stress value obtained from the model fitting using the data from steady flow experiments. Figure  7 shows the storage modulus ͑GЈ͒ of Carbopol 0.3 wt % gel against oscillation stress for different particle contents. All the tested materials have their own LVE regions in the low stress region. Especially, it is noted that the cross-over oscillation stress by the cross-over method ͓Mezger ͑2002͔͒ is close to the apparent yield stress obtained from the steady flow measurement. Another point is the angle made from two tangent lines of LVE and non-linear regions. This angle can be a representative of the range of transition from the LVE to non-linear regions. This angle decreases with increasing the content of particles in the gel. It implies that there should be a transition in material characteristic from the ductile type to the brittle type with increasing particle content ͓Uhlherr et al. ͑2005͔͒ . This means that the highly filled Carbopol gels will lose the structure almost instanta- neously as the imposed stress becomes larger than the yield stress, while Carbopol gels of low particle loading will sustain the structure even after the imposed stress is larger than the yield stress. In order to investigate the microstructure of Carbopol gel, frequency sweep tests were performed at the oscillation stress of 0.1 Pa. The angular frequency was varied from 0.04 to 100 rad/s. Figure 8 shows the experimental result of frequency sweep tests with different concentrations of pure Carbopol gels. The storage modulus ͑GЈ͒ was always larger than the loss modulus ͑GЉ͒, which reflects the large elastic property of the gel below the yield stress level ͓Tamburic and Craig ͑1995͒; A-sasutjarit et al. ͑2005͔͒. As expected GЈ for the 0.25 wt % gel had the lowest, the 0.30 wt % gel had the middle, and the 0.35 wt % gel had the highest GЈ. While all GЈ's are monotonically increasing with frequency, GЉ's have minima. In Fig. 9 the storage and loss moduli for different particle contents of Carbopol 0.35 wt % gel are plotted against angular frequency. GЈ increases with the increase in particle contents until the particle content is 3.06%, then there is an abrupt decrease of GЈ at 3.65% and a further decrease at 4.23%. This also implies a change in the equilibrium gel structure. Even when there is a change in gel structure GЉ does not become larger than GЈ, meaning that it still remains as a gel. Both GЈ and GЉ decrease steeply as particle loading increases from 3.65% to 4.23%. In the present case shear modulus G͑t͒ appears to decrease with increase in particle loading.
D. Microstructure analysis
According to the microrheological study by Oppong et al. ͑2006͒, the Carbopol gel structure consists of the highly cross-linked dense core part and the dangling free end part which interacts strongly with the other free ends of the surrounding dense core. Kim et al. ͑2003͒ studied the gel structure of Carbopol by cryo-SEM and found the irregular fibrous three dimensional network structure at the low level polymer content. However, as far as the authors are aware of, any results that are related to the particle effect on the network structure change in Carbopol gels have not been reported until now. Although we cannot extract the detailed information on the change of the gel network structure from the present rheological studies alone, it can be surmised that the repulsive interaction between the free ends is affected by the particles. Especially, it appears that the particles weaken the interaction by acting as an obstacle when particle loading is over the maximum point, so the storage modulus ͑GЈ͒ decreases. Figure 10 shows the representative cryogenic field emission scanning electron microscopy ͑cryo-FESEM͒ images of the 0.30 wt % Carbopol gel samples with different particle volume percents. The pure Carbopol C934 gel ͓Fig. 10͑a͔͒ has the irregular fibrous network structure which is similar to the result by Kim et al. ͑2003͒. Figures 10͑b͒-10͑d͒ are the scanning electron microscopy images of Carbopol gels containing SUS nanoparticles of 0.63, 1.86, and 3.06 vol %, respectively. In Fig. 10͑b͒ nanoparticles are attached to the gel walls. In Fig. 10͑c͒ the gel walls become thick due to attached nanoparticles. In Fig. 10͑d͒ gel walls cannot be seen because many particles are attached. Some network structures can be identified in Fig. 10͑d͒ , but we are not sure whether they are interconnected in a large scale as in the samples with smaller amount of particles. Also some Carbopol chains appear to be changed to coils. One may argue that too many particles are present in the image considering that it contains only 3.06%. We think that the fracture occurred along a particle rich surface due to inhomogeneity of the sample during the cryo-SEM sample preparation since this surface could be weaker. In the case of gel with 0.63 and 1.86 vol % SUS particles, the fibrous network structure is sustained even though nanoparticles are crowded around the Carbopol chains. It appears that the Carbopol chains have enough space for deformation imposed by the stress test. But it is noted that the small pores that appear in the pure Carbopol gel case of Fig. 10͑a͒ no longer exist in Figs. 10͑b͒ and 10͑c͒ . This means that nanoparticles hindered the formation of Carbopol networks. Also the image of gel with 3.06 vol % SUS particles ͓Fig. 10͑d͔͒ shows that many nanoparticles are not adhered to the gel wall and some of them are aggregated. It is difficult to discriminate between Carbopol chain and SUS particle, and the network structure is hardly observed. Figure 11 shows the microstructure of the same samples in a smaller magnification than the magnification of Fig. 10 . The microstructure of 3.06 vol % sample is quite different from the others which show the network structure clearly.
One may be suspicious on the validity of cryo-SEM result since Piau ͑2007͒ argued that the structure observed by Kim et al. ͑2003͒ was an experimental artifact. But we note that Piau's suggestion may not applicable to this case. In Piau's case the liquid sample had a finite size ͑it was a drop͒, and therefore the cooling rate was not fast enough. It is known that when the cooling rate should have an order of 10 5 K / s, the liquid sample becomes vitrified without being crystallized. In our case it was 40 000 K/s which may be virtually the same as 10 5 K / s. So the honeycomb structure shown in our samples should not be an artifact caused by slow cooling. The artifacts in cryo-SEM are well documented by Ma et al. ͑2005͒ , in which one can see that the techniques we used would not raise any experimental artifacts that can alter the microstructure during freezing.
The cryo-FESEM image results are consistent with the rheological measurement results, i.e., the particles did not affect the gel network structure qualitatively until the critical particle content and the rheological properties of particle loaded gels are similar to those of unloaded gels. In this case the gel materials show larger elastic characteristics with increasing particle content. However, beyond the critical point, gel characteristic changes due to the change in the network structure, and GЈ decreases suddenly and the gel shows a strong shear-thinning behavior. Recently Daniel-da-Silva et al. ͑2008͒ reported a similar observation for thermoreversible -carrageenan/nanosilica gels. They reported that the addition of silica nanoparticles of 120 nm impaired the gelation process and thereby argued that the nanoparticles acted as physical barriers ͑the loss of connecting networks due to the presence of particles͒ to the gelation of -carrageenan. Also they   FIG. 10 . Cryo-FESEM images of ͑a͒ pure Carbopol gel ͑0.30 wt %͒; particle contents ͑b͒ 0.63%, ͑c͒ 1.86%, and ͑d͒ 3.06%.
reported that with larger particles of 860 nm the gelation characteristics did not change with the addition of the same amount as the nanoparticles. Since we were not able to obtain micrometer-sized SUS particles, we were not able to perform the same kind of experiments. But when we performed the experiments with zirconium carbide of 3-5 m, GЈ increased monotonically with increasing particle loading from 0% to 6.27% as shown in Fig. 12 , meaning that the gel structure was not changed qualitatively when the particle loading was as large as 6.27%. Therefore the abrupt change in gel characteristics with the addition of particles seems to be an exclusive phenomenon of nanoparticles.
E. Mechanism of the change of gel characteristics
It has been known that Carbopol molecules are adsorbed on the solid surface when pH is larger than the isoelectric point ͑pH Ͼ pH iep ͒ and the surface metal ions and the carboxylic groups of the polymer make surface complexes ͓Viota et al. ͑2004͔͒. The isoelectric point of SUS lies between 2.8 and 3.2 ͓Lefèvre et al. ͑2009͔͒, and the pH of the gel studied here is 8.0Ϯ 0.3 as stated earlier. The formation of surface complex between -OH groups on metal surface and COO-groups in polyacrylic acid has been also reported ͓Raula et al. ͑2003͔͒. This means that SUS particles can be attached to the polymer network structure, which can be also confirmed from Figs. 10͑b͒ and 10͑c͒. Especially particles can be attached to the dangling ends of Carbopol. Therefore if a small amount of particles are added the gel becomes stronger by the formation of polymer-particle network additionally while keeping the polymer-polymer networks virtually the same. When   FIG. 11 . Cryo-FESEM images of ͑a͒ pure Carbopol gel ͑0.30 wt %͒; particle contents ͑b͒ 0.63%, ͑c͒ 1.86%, and ͑d͒ 3.06% with a smaller magnification than that of Fig. 10 . There is no network structure in ͑d͒.
a large amount of particles are added many polymer chains will participate in the formation of networks with SUS particles, and the polymer-polymer networks will be reduced. The reduction in polymer-polymer networks will result in the change in GЈ and GЉ at the equilibrium state and the change in K and n under flow. If large particles are added the number of sites for polymer-particle networks is small compared with small particle case at the same volume percent. Therefore in the case of large particles the gel structure will not be changed much with the addition of particles.
IV. CONCLUSION
The rheological properties of Carbopol C934 gels containing SUS304 nanoparticle have been investigated. The particle filled Carbopol gel exhibits stronger shear thinning and higher yield stress compared with the pure Carbopol gels until a certain particle loading. Then the gel characteristics changed abruptly with the further addition of particles. This "critical" particle loading increased with the increase in Carbopol concentration. The reduced yield stress increased monotonically with particle content, and the consistency ͑K͒ of the H-B constitutive model had the maximum point which was shifted to the higher particle content with the Carbopol concentration. The power-law index ͑n͒ decreased slightly with particle content first, then it decreased abruptly from the particle volume percent at which the gel structure changes abruptly as in the cases of K. With micrometer-sized particles, however, the elastic properties of gels monotonically increased. From the cryo-SEM observations it has been concluded that the changes in GЈ, K, and n with the addition of particles should be due to the nanoparticles that compete with Carbopol chains in forming networks. Therefore the abrupt change in gel characteristics should be restricted to gels with nanoparticles that have enough surface sites for polymer adsorption.
FIG. 12.
Elastic modulus of zirconium carbide filled Carbopol gels.
